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Abstract 

Functional links connecting gene transcription and condensin-mediated chromosome condensation have been established 
in species ranging from prokaryotes to vertebrates. However, the exact nature of these links remains misunderstood. Here 
we show in fission yeast that the 3' end RNA processing factor Swd2.2, a component of the Cleavage and Polyadenylation 
Factor (CPF), is a negative regulator of condensin-mediated chromosome condensation. Lack of Swd2.2 does not affect the 
assembly of the CPF but reduces its association with chromatin. This causes only limited, context-dependent effects on 
gene expression and transcription termination. However, CPF-associated Swd2.2 is required for the association of Protein 
Phosphatase 1 ppi Dls2 with chromatin, through an interaction with Ppnl, a protein that we identify as the fission yeast 
homologue of vertebrate PNUTS. We demonstrate that Swd2.2, Ppnl and ppi Dls2 form an independent module within the 
CPF, which provides an essential function in the absence of the CPF-associated Ssu72 phosphatase. We show that Ppnl and 
Ssu72, like Swd2.2, are also negative regulators of condensin-mediated chromosome condensation. We conclude that 
Swd2.2 opposes condensin-mediated chromosome condensation by facilitating the function of the two CPF-associated 
phosphatases PP1 and Ssu72. 
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Introduction 

Mitotic chromosome condensation is essential for genome 
integrity. When defective, chromatin bridges often form in 
anaphase. These can lead to chromosome breaks and the 
irreparable loss of genetic information. A key driver of chromo- 
some condensation is the highly conserved condensin complex 
(reviewed in [1]). Condensin is, with cohesin and the SMC5/6 
complex, one of three highly conserved multi-subunit protein 
complexes containing two different proteins of the SMC (Struc- 
tural Maintenance of Chromosome) family. Condensin is made of 
five sub-units (SMC2 Gut14 , SMC4 Cut3 , CAP-D2 Cndl , CAP-G Cnd3 
and CAP-H Cnd2 , name of the human protein followed by its name 
in fission yeast), which together form a protein ring big enough to 
entrap two chromatids. Condensin exhibits a DNA-dependent 
ATPase activity and a DNA supercoiling activity but how these 
enzymatic activities contribute to mitotic condensation remains 
elusive. Although condensin interacts directly with histones [2], its 
localization pattern along chromosomes is not uniform [3,4]. A 
number of experimental evidence indicate that ay-acting elements 
facilitate the binding of condensin at specific loci, supporting the 
current view that the underlying mechanisms of condensin 
recruitment are, to some extent, locus-specific (reviewed in [1]). 



However, Chromatin Immunoprecipitation (ChIP) studies also 
indicate that condensin localizes preferentially at highly expressed 
genes, irrespective of the transcription machinery involved (RNA 
Pol I, II or III) [3,4,5]. This observation supports the idea that a 
by-product of the transcription process, such as a transcription- 
associated chromatin structure, a specific change of topology and/ 
or a chromatin mark, could facilitate the recruitment of condensin. 
It is likely that the recruitment of condensin actually results from 
the combination of global and locus-specific mechanisms. Our 
understanding of these mechanisms and their interactions remains 
poor. 

Experimental evidence indicates that there are strong functional 
relationships between gene transcription and mitotic chromosome 
condensation. However some observations suggest that the 
transcription machinery plays a positive role in condensin- 
mediated chromosome condensation whilst other evidence indi- 
cates that gene transcription can inhibit chromosome condensa- 
tion. On one hand, specific transcription-associated factors and 
RNA processing factors, such as the RNA Pol III component 
TFIIIC and the RNA helicase DDX3, have been shown to 
facilitate the loading of condensin [3,6,7,8]; on the other hand, the 
stable association of RNA with chromatin maintains an open 
chromatin conformation [9] and an active RNA polymerase 
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Author Summary 

Failure to properly condense chromosomes prior to their 
segregation in mitosis can lead to genome instability. The 
evolutionary-conserved condensin complex is key to the 
condensation process but the molecular mechanisms 
underlying its localization pattern on chromosomes 
remain unclear. Previous observations showed that the 
localization of condensin is intimately linked to regions of 
high transcription, although, somewhat paradoxically, its 
association with chromatin is disrupted by a processive 
polymerase activity. Here we identify several RNA process- 
ing factors as negative regulators of condensin in fission 
yeast. Two of these factors associate with PP1 phosphatase 
as an independent entity within the Cleavage and 
Polyadenylation Factor (CPF), a complex key for 3' end 
RNA processing. Lack of this module induces only minor 
and context-dependent effects on gene expression. Our 
data suggest that this module helps maintaining the 
proper level of phosphatase activity within the CPF and 
thereby opposes the function of condensin in mitotic 
chromosome condensation. 



reduces the binding of condensin at repetitive sequences [10,11]. 
Moreover, the transcription machinery can recruit inhibitors of 
condensin such as the phosphatase PP2A [12]. Finally, transcrip- 
tion of Pol III genes negatively correlates with their condensin- 
dependent clustering at centromeres [6] . In conclusion, it appears 
that, although the transcription machinery is required to set up the 
right environment for the loading of condensin, transcription, 
when processive, destabilizes the association of condensin with 
chromatin. Interestingly, a number of proteins required for the 
processivity of transcription leave chromatin upon mitotic entry, 
when condensin is loaded on chromosomes and condensation 
occurs [13,14]. 

To gain insights into the mechanisms by which transcription 
influences the association of condensin with chromatin in fission 
yeast, we set out to identify novel regulators of chromosome 
condensation associated with the transcription machinery. To do 
this, we adopted a candidate approach and screened for deletions 
of non-essential components of the transcription machinery that 
could restore cell growth of the thermo-sensitive and condensin- 
defective cut3-477 mutant at high temperatures. We identified a 
number of suppressor mutations by this approach. Here we focus 
on one of them, swd2.2A, the deletion of a non-essential 
component of the Cleavage and Polyadenylation Factor (CPF), 
the complex responsible for the 3 'end maturation of RNA Pol II 
transcripts in yeast (reviewed in [15]). 

Results 

Lack of Swd2.2 restores chromosome segregation in a 
condensin-deficient mutant 

Chromosome condensation is defective in the conditional 
condensin mutant cut3-477 and mutant cells fail to grow at the 
restrictive temperature of 34°C [16]. We isolated several gene 
deletions in non-essential components of the transcription 
machinery which partly restored growth of cut3-477 cells at 
34°C (Table SI). Here, we focused on one of the strongest of these 
suppressors, swd2.2A. At the restrictive temperature, lack of 
Swd2.2 (swd2.2A) improved the growth of cut3-477 cells (Figure 1A) 
and significantly decreased the percentage of anaphases displaying 
defective chromosome segregation (Figure 1BC). Similarly, lack of 
Swd2.2 pardy restored growth at the restrictive temperature of the 



other well-characterized condensin mutant, cutl4-208 [16] (Figure 
S1A). This suggested that Swd2.2 interferes with the formation of 
segregation-competent chromosomes when condensin is deficient. 
Alternatively, lack of Swd2.2 could activate an as yet unknown 
mechanism facilitating chromosome segregation in condensin- 
deficient cells. 

The suppression of cut3-477 by swd2.2A was remarkably specific. 
Deletions of other key components of the RNA processing 
machinery did not rescue either the growth defect or the 
chromosome segregation defects in cut.3-477 cells (Figure IDE), 
indicating that significant RNA processing defects are not sufficient 
to alleviate the defects caused by cut3-477. For example, lack of 
either Rttl03/Rhnl [17,18], a factor important for transcription 
termination, Pab2, a PolyA polymerase involved in RNA decay or 
the exosome sub-unit Rrp6 [19] caused no significant rescue oicutS- 
477 (Figure IDE). Furthermore, lack of Swd2.2 did not rescue the 
rad21-Kl and smc6-74 mutations (Figure SIB), which affect 
respectively the condensin-related cohesin and Smc5/6 complexes, 
nor the two topoisomerase II mutations, top2-25() and top2-191 
(Figure SIB), which also cause chromosome condensation defects 
[20,21]. These observations support the idea that Swd2.2 specifi- 
cally antagonizes condensin-mediated chromosome condensation. 

Lack of Swd2.2 facilitates the localization of condensin in 
cut3-477 cells 

It was reported that the amount of condensin associated with 
chromatin is reduced in cut3-477 cells [2]. We confirmed these 
observations by showing that the association with chromatin of the 
GFP-tagged condensin sub-unit Cut 14 was drastically reduced in 
cut3-477 cells at the restrictive temperature of 34°C at all loci 
tested (p<0,01 Mann-Whitney test on 6 biological replicates, 
Figure IF). Deletion of Swd2.2 improved slighdy but significandy 
the association of Cut 14 with chromatin in cut3-477 cells at 34°C 
(p^0,01 Mann- Whitney test on 6 biological replicates). Surpris- 
ingly, we found that the localization of Cut 1 4 was fully restored at 
kinetochores (cntl) and RNA Pol Ill-transcribed genes, where its 
enrichment was indistinguishable in cut3+ and cut3-477 swd2.2A 
cells (p>0,30 Mann-Whitney test). Western blot analysis showed 
that the steady-state level of Cut 1 4 was not affected in cells lacking 
Swd2.2 (Figure S2). Consistent with the observation that swd2.2A 
facilitates the localization of condensin at kinetochores in cut3-477 
cells, Figure S3 shows that lack of Swd2.2 suppressed the synthetic 
lethal interaction between cut3-477 and mde4A, a cis-acting loader 
of condensin at kinetochores ([2]). 

Taken together, these data suggest that Swd2.2 antagonizes the 
association of condensin with chromatin in cut3-477 cells. This 
probably explains why lack of Swd2.2 reduced the temperature- 
sensitivity of cut3-477. Note however that, in cut3+ cells, lack of 
Swd2.2 did not significantly affect the association of condensin 
with chromatin (Figure S4). 

Lack of Swd2.2 did not alter Cnd2 phosphorylation or 
H2A.z acetylation 

Previous experiments have established that the interaction 
between condensin and chromatin is enhanced after Aurora B- 
dependent phosphorylation of Cnd2 [2] and that the acetylation of 
H2A.z facilitates the function of condensin [22]. We wondered 
whether Swd2.2 might counter-act Aurora B-dependent phos- 
phorylation of Cnd2 or H2A.z acetylation. Western blot analysis 
showed that neither Aurora B-dependent Cnd2 phosphorylation 
nor H2A.z acetylation were altered in the absence of Swd2.2 
(Figure S5), suggesting that Swd2.2 acts upon condensin binding 
by an alternative pathway. 
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Figure 1. Swd2.2 antagonizes the association of Condensin with chromatin. A. Serial dilutions of the indicated strains were plated on rich 
media at the indicated temperatures. B. Chromosome segregation in anaphase was visualized after tubulin staining in cells of the indicated 
genotypes grown for one generation at 34 C. C. Anaphases were scored as defective when chromatin was detected lagging between the two main 
DNA masses. For each genotype, a minimum of 6 independent experiments was performed in which a minimum of 100 anaphase cells was scored. 
***p<0,001 Wilcoxon - Mann Whitney. D and E. Same as A and C, except that in E, 3 independent experiments were performed. F. The indicated 
strains were grown at 34°C for 3 hours and ChlP-qPCR was performed to analyze the amount of Cut14-GFP cross-linked to chromatin (mean ± 
standard deviation from 6 biological replicates). See text for details for the statistical analysis of the experiments. 
doi:1 0.1 371 /journal.pgen.1 00441 5.g001 



PLOS Genetics | www.plosgenetics.org 



3 



June 2014 | Volume 10 | Issue 6 | e1004415 



RNA Processing Factors and Chromosome Condensation 



0,045% 

0,040% 

0,035% 

0,030% 

10,025% 
c 

5? 0,020% 
0,015% 
0,010% 
0,005% 
0,000% 



■ no tag 
■swd2.2-3flag 

■ swd2.2-3flag ppnIA 



B 

0,6% -i 



I no tag 
• sfc6-myc 
>sfc6-myc swd2.2A 




Gly05 rRNA Tyr4.2 Ser13 Pro9 Glu5 Gln4 c417#1 Act1 



Gly05 Tyr4.2 Ser13 Pro9 Arg4 rRNAc417#1 Act1 18S 



7,0% 
6,0% 
5,0% 
4,0% 



! no tag 
1 rpc25-myc 
1 rpc25-myc swd2.2A 



Swd2.2 
Sfc6-13myc 




+ + 



myc 
tubulin 



Swd2.2 



Rpc25-1 3myc 



+ + 



Gly05 Tyr4.2 Ser13 Pro9 rRNA c417#1 Act1 18S 



myc 
tubulin 



qRT-PCR 




swd2.2+ swd2.2A 



30°C 



sfc3- 



34°C 




Figure 2. Lack of Swd2.2 reduces the association of the RNA Pol III transcription machinery with chromatin. A. Asynchronous 
populations of the indicated strains were grown at 30'C and ChlP-qPCR was performed to analyze the amount of Swd2.2-3flag cross-linked to 
chromatin (mean ± standard deviation from 4 biological replicates). BC. ChIP qPCR analysis of the indicated strains grown at 30'C. Mean ± standard 
deviation from 5 biological replicates. *<0,05; **<0,01; Wilcoxon - Mann Whitney. D. Western blot analysis of total protein extracts of the indicated 
strains. Tubulin (TAT1 antibody) is used as a loading control. E. qRT-PCR analysis of sfc6 expression in swd2.2+ and swd2.2A cells (mean ± standard 
deviation from 3 biological replicates) F. Serial dilutions of the indicated strains were plated on rich media at the indicated temperatures. 
doi:1 0.1 371 /journal.pgen.1 00441 5.g002 



Lack of Swd2.2 impairs the association of the Pol III 
machinery with chromatin 

We asked how Swd2.2 could regulate the localization of 
condensin at Pol Ill-transcribed genes in cut3~477 cells. We 
detected variable amounts of Swd2.2 at Pol Ill-transcribed loci by 
ChIP analysis. At some Pol III genes such as c417 or Gln4, the 
enrichment of Swd2.2 was comparable to its enrichment at highly 
transcribed Pol II genes such as actl (Figure 2A). At all Pol III loci, 
the association of Swd2.2 was dependent on the PNUTS 
homologue Ppnl (Figure 2A and see below). The localization of 
Swd2.2 at Pol III genes suggested that it could play a direct role 
there. 

Observations made previously in the fission yeast TFIIIC 
mutant sfc3-l [6], suggested that TFIIIC binds to condensin 
and facilitates its association with Pol III genes, whereas Pol 



Ill-dependent transcription opposes the function of condensin. 
sfc3-l, like swd2.2A, is a suppressor of cut3-477 and is believed to 
facilitate the localization of condensin at Pol III loci [2,6]. Previous 
reports indicated that the association of the TFIIIC component 
Sfc6-13myc with chromatin was stabilized in sfc3-l cells, whilst the 
binding of the RNA Pol III sub-unit Rpc25 was reduced [6] . On 
the contrary, we found that both the association of Sfc6-13myc 
and Rpc25-13myc were reduced in swd2.2A cells (Figure 2BC). 
The reduced association of Sfc6-13myc with chromatin could 
probably be explained in part by the fact that both gene expression 
and the protein stability of Sfc6 were reduced in swd2.2A cells 
(Figure 2DE). The stability of Rpc25-13myc however remained 
unaffected (Figure 2D). As a control, we repeated the Sfc6-13myc 
ChIP in sfc3-l cells and found the opposite result to what is 
published [6]: in our hands, the localization of Sfc6-13myc was 
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significantly impaired in sfc3-l cells (Figure S6B). We confirmed 
however the published observation [6] that the localization of 
Rpc25 is indeed slightly reduced in sfc3-l cells (Figure S6C). All 
our strains have been thoroughly validated (Figures S6A). We do 
not have an explanation for this discrepancy at this stage. We note 
however that lack of Swd2.2 strongly impaired the growth otsfc3-l 
cells (Figure 2F), which is consistent with our observation that both 
swd2.2A and sfc3-l destabilize the loading of TFIIIC. A common 
feature of both types of suppressors (sfc3-l and swd2.2A) is 
therefore that the loading of TFIIIC and RNA Pol III is impaired 
at Pol III genes. 

Swd2.2 facilitates the localization of the CPF but does not 
impact its assembly 

Swd2.2 was previously shown to co-purify with the Cleavage 
and Polyadenylation Factor (CPF) [23], the complex responsible 
for the 3' end maturation of RNA Pol II transcripts in yeast 
(reviewed in [15]). We sought to establish the importance of 
Swd2.2 for CPF function. pfs2-ll is a thermo-sensitive mutation of 
Pfs2, an essential component of the CPF [24]. Lack of Swd2.2 
enhanced the temperature-sensitivity oipfs2-ll (Figure 3 A), which 
is consistent with the idea that Swd2.2 could facilitate CPF 
function. However, lack of Swd2.2 did not interfere with the 
interaction between Pfs2 and Ythl, another essential CPF sub- 
units, suggesting that Swd2.2 did not significantly impact CPF 
assembly (Figure 3B and see below). To establish whether lack of 
Swd2.2 could impact CPF localization, we analyzed the associa- 
tion of Pfs2 with chromatin by Chromatin Immunoprecipitation 
(ChIP). The enrichment of Pfs2 was mildly reduced at most loci 
tested in the absence of Swd2.2, suggesting that Swd2.2 facilitates 
the recruitment of the CPF (Figure 3C). Note that the stability of 
Pfs2 remained unaffected in the absence of Swd2.2 (Figure 3D). 

Lack of Swd2.2 has a minor effect on the expression of 
protein-coding genes 

To establish the impact of Swd2.2 on gene expression, we used 
strand-specific tiling arrays hybridization to compare the tran- 
scriptomes of swd2.2A and swd2.2+ strains (raw data accessible at 
GEO GSE38005). Both strains were grown in triplicates for one 
generation at 34°C, the temperature at which lack of Swd2.2 
improves chromosome segregation in cut3-477 (Figure 1 A). Results 
showed that 47 genes were significantly under-expressed in the 
absence of Swd2.2 (Fold change FC<-1,9, p<0,01), whilst 14 
genes were over-expressed (FCs+1,9, p<0,01) (Table S2). Note 
that of the 62 tRNA genes detected in our microarray analysis, 
only 6 were under-expressed (Fold change FCs— 1,9, p^0,03). 
An in-depth statistical analysis established that the mis-regulated 
genes were all placed within a very specific genomic context (see 
Text SI and Figure S7 in the supplementary data). Thus lack of 
Swd2.2 has only a minor impact on the expression of protein- 
coding transcripts (61 out of 5175 mRNA-coding genes). 
Importantly, no known regulator of chromosome condensation 
was found among the 61 mis-expressed genes. 

Lack of Swd2.2 has a context-dependent impact on 
transcription termination 

Swd2, the budding yeast homologue of Swd2.2, is part of the 
APT sub-complex of the CPF [25]. In the absence of APT, RNA 
polymerase II transcribes longer transcripts, especially at snoRNA 
genes [26]. We investigated the role of Swd2.2 in the termination 
of transcription. Our strand-specific tiling arrays suggested that 
transcription failed to terminate properly at about 800 genes in the 
absence of Swd2.2 (see Methods and Table S3). Remarkably, the 



vast majority of genes with transcription termination defects were 
convergent, overlapping genes (Figure S8), suggesting that the 
requirement for Swd2.2 for transcription termination is context- 
dependent. Note however that we did not detect a stronger 
enrichment of Swd2.2 at those convergent genes requiring Swd2.2 
for their transcription termination (Figure S9). Our microarray 
analysis failed to detect significant transcription termination 
defects at snoRNA genes. We confirmed this using a targeted 
RT-PCR approach [24] and showed that the transcription profile 
of specific snoRNAs genes was not significandy affected in the 
absence of Swd2.2 (Figure S10). Taken together, these data show 
that the reduced association of the CPF with chromatin that results 
from lack of Swd2.2 had only a limited and context-dependent 
impact on gene expression. 

Swd2.2 facilitates the association of Protein Phosphatase 
1 ppi Dis2 with chromatin 

In human cells, a homologue of Swd2.2, Wdr82, associates with 
Protein Phosphatase 1 (PP1) and its cofactor PNUTS as part of the 
PP1/PTW complex [27]. Blast searches highlighted significant 
homologies between human, xenopus PNUTS and the N-terminus 
of the uncharacterized fission yeast ORF SPCC74.02c (Figure 
Sll). Interestingly, SPCC74.02c was previously shown to co- 
purify with Swd2.2 [23]. Based on this homology and results 
presented below, we propose that SPCC74.02c is the fission yeast 
homologue of PNUTS and we have therefore renamed it "Ppnl" 
for "Pombe Pnuts 1". 

Ppnl contains three amino acids motifs known to mediate a 
direct interaction with PP1 [28] (Figure Sll). Co-immunoprecip- 
itation experiments showed that Ppnl did indeed interact in vivo 
with fission yeast PPl Dls2 . This interaction required the three PP1- 
binding motifs of Ppnl (Figure 4A). Interestingly, Pp n l did not 
interact with the other fission yeast PP 1 isoform, PP 1 i2 1 , even in 
the absence of PPl Dis2 (dis2A) (see below, Figure 5B). ChIP 
experiments indicated that ppi Dls2 and Ppnl have largely 
overlapping localization patterns, except at kinetochores (cntl), 
where ppi Dls2 was comparatively 5 times more abundant than 
Ppnl (Figure 4B). This is consistent with previous observations 
that PPl Dls2 has specific, kinetochore-based loading mechanisms 
[29]. Lack of Ppnl severely disrupted the nuclear localization 
pattern of PPl Dlh2 , which became enriched in the Fib 1 -stained 
nucleolus [30] (Figure 4C). Consistent with this, ChIP analysis 
showed that the association of ppi Dls2 with chromatin was 
reduced although not completely abolished in the absence of Ppnl 
or when the three PP1 -binding motifs of Ppnl were mutated (p< 
0,01 at all sites tested except at cntl where p = 0,93, Mann- 
Whitney test on 6 biological replicates, Figure 4D). These 
observations are consistent with the idea that the Ppnl-PPl Dls2 
complex represents a major chromatin-associated PP1 activity in 
fission yeast. 

As Ppnl co-purified with Swd2.2 [23], we wondered whether 
Swd2.2 was also required for the association of ppi Dlh2 with 
chromatin. ChIP experiments indicated that the association of 
PPl Dis2 with chromatin was indeed significantly reduced in the 
absence of Swd2.2 (p<0,01 Mann- Whitney test on 6 biological 
replicates) but not in the absence of the CPF-associated Ssu72 
phosphatase (Figure 4E). Note that none of the mutations we 
tested affected the protein stability of PPl Dls2 (Figure 4F). 

Co-immunoprecipitation experiments showed that Ppnl but 
not RNA was required for the interaction between Swd2.2 and 
ppjDM ( Figure 4G ) chIP ana i ys i s indicated that Ppnl was 
required for the association of Swd2.2 with chromatin but not for 
its stability (Figures 2A and 4H&I). Taken together, these 
observations suggested that Swd2.2, Ppnl and PPl Dis2 form a 
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Figure 3. Swd2.2 facilitates the function of the CPF. A. Serial dilutions of the indicated strains were plated on rich media at the indicated 
temperatures. B. The CPF component Ythl tagged at the endogenous locus with 3flag epitopes was immuno-precipitated from cycling cells in the 
presence or absence of Swd2.2. Whole cell extracts (WCE) and the immuno-precipitated material (Flag IP) were analyzed by western blot. Yth1-3flag 
interacts with Pfs2-GFP whether or not Swd2.2 is present. Arrows indicate aspecific bands on the western blot. C. Asynchronous populations of the 
indicated strains were grown at 30°C and ChlP-qPCR was performed to analyze the amount of Pfs2-GFP cross-linked to chromatin (mean ± standard 
deviation from 4 biological replicates). D. Western blot analysis of total protein extracts of the indicated strains. Tubulin (TAT1 antibody) is used as a 
loading control. 

doi:1 0.1 371 /journal.pgen.1 00441 5.g003 



complex in fission yeast related to the PTW/PP1 complex of 
vertebrates, and that this complex is important for the proper 
loading of PP1 phosphatase on chromosome arms. 

In budding yeast, PP1 c targets phospho-SerlO on histone H3 
for dephosphorylation [31] and the increased phosphorylation of 



SerlO on histone H3 in some RNA processing mutants was 
recently shown to be associated with an increased compaction 
of the chromatin [32]. We wondered whether the partial rescue of 
the temperature sensitivity and chromosome segregation defects of 
cut3-477 by swd2.2A could stem from the failure by PPl Dis2 to 
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Figure 4. Swd2.2 facilitates the localization of PP1 phosphatase by interacting with the PNUTS homologue Ppn 1 . A. The interaction of 
Ppn1 with PP1 D|S2 requires the three PP1-binding sites of Ppnl. GFP-tagged PP1 D|S2 was immuno-precipitated from cycling cells in the presence of 
Flag-tagged Ppnl (Ppn1-3flag) or Flag-tagged Ppnl lacking the three PP1-binding sites (ppn1APP1(ABC)-3f\ag). Whole cell extracts (WCE) and the 
immuno-precipitated material (GFP IP) were analyzed by western blot. B. Asynchronous populations of the indicated strains (Ppn1-3flag or GFP- 
PP1 Dls2 ) were grown at 30°C and ChlP-qPCR was performed to analyze their enrichment at various sites along chromosomes. Enrichments were 
normalized to the values obtained at the RNA Polymerase l-transcribed 18S (mean ± standard deviation from 3 biological replicates). C. Lack of Ppnl 
disrupts the nuclear localisation of GFP-tagged PP1 Dls2 . GFP-PP1 Dls2 was imaged in dividing cells co-expressing (left panel) the mCherry-tagged 
nuclear envelope marker Mlpl or (right panel) the mRFP-tagged nucleolar marker Fib1 . DE. Asynchronous populations of the indicated strains were 
grown at 30°C and ChlP-qPCR was performed (mean ± standard deviation from 6 biological replicates). F. The protein stability of GFP-PP1 Dls2 was 
assessed by western blot in the various mutant backgrounds used in DE. Tubulin was used as a loading control. G. The interaction between Flag- 
tagged Swd2.2 and Pk-tagged PP1 D|S2 was analyzed by co-immunoprecipitation in protein extracts prepared from cycling cells in the presence or 
absence of Ppnl. Protein extracts were treated or not with RNase A prior to immuno-precipitation. Whole cell extracts (WCE) and the immuno- 
precipitated material (GFP IP) were analyzed by western blot. H. Asynchronous populations of the indicated strains were grown at 30°C and ChlP- 
qPCR was performed to analyze their enrichment at various sites along chromosomes. I. The protein stability of Flag-tagged Swd2.2 in the presence 
or absence of Ppnl was assessed by western blot. Tubulin was used as a loading control. J. Asynchronous populations of the indicated strains were 
grown at 30°C. Protein extracts were prepared and analyzed by western blot using the indicated antibodies. 
doi:1 0.1 371 /journal.pgen.1 00441 5.g004 



dephosphorylate SerlO on histone H3. Western blot analysis 
indicated that lack of ppi Dls2 (dis2A) resulted indeed in the 
increased phosphorylation of SerlO on histone H3 (Figure 4J). 
However, the levels of phosphorylated Ser 1 0 on histone H3 were 
not altered in the absence of Swd2.2 or Ppnl (Figure 4J). These 
observations were consistent with the idea that the pool of PPl Dls2 
that we still detected on chromatin in the absence of Swd2.2 or 
Ppnl was sufficient to antagonize the phosphorylation of SerlO on 
histone H3. Alternatively, ppi Dls2 could dephosphorylate SerlO 
on histone H3 even when it is not stably associated with 
chromatin. Whatever the explanation, our data show that the 
partial rescue of cut3-477 by swd2.2A cannot be explained by the 
failure of PPl Dls2 to dephosphorylate SerlO on histone H3. 

Ppnl also interacts with the pre-mRNA 3' end processing 
machinery 

The data presented above established that Swd2.2, Ppnl and 
PPl Dls2 co-localize and interact functionally. It remained unclear 
however whether they interacted within the CPF, or as part of an 
independent protein complex. Co-immunoprecipitation experi- 
ments showed that Ppn 1 was required for the interaction between 
Swd2.2 and the Pfs2 (Figure 5A and see below). This was a first 
indication that their function was indeed connected to the CPF. 

To establish whether Ppnl and PP1 ls2 were genuine CPF 
components, we first purified Ppnl by affinity and identified its 
associated proteins by mass-spectrometry analysis (see Methods). 
This approach showed that Ppnl co-purified with ppi Dls2 but not 
PPl sds21 (Figure 5B) and that it interacted with the 13 sub-units of 
the CPF. This interaction was found both in interphase and in 
early mitotic cells, synchronized at the metaphase to anaphase 
transition using the cold-sensitive tubulin mutation nda3KM31 1 
[33]. Similarly, PPl Dls2 but not PPl sds21 co-purified with the 13 
sub-units of the CPF (Figure 5C and Figure S12A). This showed 
that Ppnl, ppi Dls2 anc J Swd2.2 are genuine CPF components. 

We had established that Swd2.2 was not required for the 
interaction between the CPF sub-units Pfs2 and Ythl (Figure 3B). 
Here we sought to establish the importance of Ppnl for CPF 
formation. Ythl was affinity purified from wild-type and ppnl A 
mutants and its associated proteins identified by mass-spectrom- 
etry analysis (Figure 5D). A typical example of such purifications is 
shown on Figure S12B. In wild-type cells, Ythl co-purified with all 
known CPF sub-units, including Swd2.2, Ppnl and PPl Dis2 . In the 
absence of Ppnl, Swd2.2 and PPl Dis2 dissociated from the CPF 
whilst the other CPF sub-units remained bound to Ythl 
(Figure 5D). Similarly, lack of Swd2.2 triggered the dissociation 
of Ppnl and PPl Dis2 from the CPF but of no other CPF sub-units 
(Figure S12A). These observations suggested that Ppnl, Swd2.2 



and PP1 15 constitute an independent module within the CPF, 
whose loss does not alter CPF integrity. 

To confirm this, we purified PPl Dis2 , Swd2.2 and Ppnl and 
identified their binding partners by mass-spectrometry analysis. 
ppjDi*2 bound j 0 a n CPF sub-units and various other proteins 
(Figure 5C). In the absence of Swd2.2, ppi Dls2 no longer bound to 
the CPF but remained associated with Ppnl and its other binding 
partners. In contrast, when Ppnl was missing, PPl Dis2 failed to 
bind to Swd2.2 and the CPF but remained associated with its 
other binding partners. The interaction between Swd2.2 and the 
CPF required Ppnl (Figure 5A&E) and conversely, the interaction 
between Ppnl and the CPF required Swd2.2 (Figure 5B). Thus 
Swd2.2 and Ppnl are inter-dependent for their association with 
the CPF and both are necessary for the association of PPl Dls2 with 
the CPF. These observations are summarized on Figure 5F. 
Collectively, these data establish that PPl Dis2 , Ppnl and Swd2.2 
form a protein module associated with the CPF whose absence 
does not affect significantly the composition of the core CPF. We 
named this module the DPS (Dis2-Ppnl-Swd2.2) module. Note 
that to further illustrate the quality of our affinity purifications, we 
provide the full list of unique peptides recovered after purifications 
of Ythl, Swd2.2, Ppnl and PPl Dis2 ranked by abundance (Table 
S4). 

Figure 5B shows that the interaction between Ppnl and the CPF 
was detectable whether protein extracts were prepared from 
cycling or early mitotic cells. This suggested that DPS interacts 
with the CPF throughout the cell-cycle. We sought to confirm 
these observations using co-immunoprecipitation approaches. 
Here we show that synchronizing cells in early mitosis did not 
alter complex formation between Swd2.2 and the CPF sub-unit 
Pfs2 (Figure 5G), nor did it alter the interaction between Swd2.2 
and ppi Dls2 (Figure 5H). Taken together, these data show that 
DPS is stable and remains associated with the CPF in early mitosis. 
Similarly, ChIP analysis indicated that the levels of chromatin- 
associated CPF remained comparable in cycling cells and in early 
mitotic cells (Figure SI 3). Taken together, these data show that 
DPS is present on chromatin throughout the cell-cycle. This is 
consistent with the idea that DPS can antagonize the action of 
condensin in mitosis. 

DPS opposes condensin-mediated chromosome 
condensation 

If DPS is indeed a functional module, the mutation of all its 
components should give similar phenotypes. To validate this 
prediction, we tested whether Ppnl and PPl Dls2 , like Swd2.2, 
could oppose condensin-mediated chromosome condensation. 
This is indeed what we observed. Lack of Ppnl (ppnl A) 
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Figure 5. Swd2.2, Ppnl and ppi Dls2 associate as a protein module to the CPF. A. The interaction between Flag-tagged Swd2.2 and GFP- 
tagged Pfs2 was analyzed by co-immunoprecipitation in protein extracts prepared from cycling cells in the presence or absence of Ppn1. Whole cell 
extracts (WCE) and the immuno-precipitated material (GFP IP) were analyzed by western blot. BCDE. The proteins indicated at the top were purified 
by affinity and their associated partners were identified by MS/MS mass-spectrometry analysis (see Methods). The number of unique peptides 
recovered for each protein is indicated. F. Scheme summarizing the proteomic data. GH. Cells expressing the indicated epitope-tagged proteins 
were synchronized in early mitosis (mitotic) or not (cycling), using the cold-sensitive nda3KM311 mutation [33], G. Flag-tagged Swd2.2 was immuno- 
precipitated to look at its interaction with the core CPF component Pfs2. H. Flag-tagged PP1 D|S2 was immuno-precipitated to look at its interaction 
with the DPS component Swd2.2. 
doi:1 0.1 371 /journal.pgen.1 00441 5.g005 



significantly improved the growth oicut3-477 cells at the restrictive 
temperature (p<0,01, Mann-Whitney test; Figure 6A). The poor 
growth of cut3-477 at the restrictive temperature was also 
improved when Ppnl lost its ability to bind PPl Dls2 , suggesting 
that the negative effect of Ppnl on cut3-477 is mediated, at least in 
part, by its interaction with ppi Dls2 (p<0,01, Mann-Whitney test). 
Note however that lack of the core CPF component Ctfl had no 
effect on the growth of cut3-477 cells (Figure S14A). Similarly, lack 
of Ppnl but not of Ctfl significantly decreased the percentage of 
defective anaphases (Figure 6B and Figure S14B), showing that 
lack of Ppnl could restore the formation of segregation-competent 
chromosomes in a majority of mitotic cut3-477 cells. Finally, ChIP 
experiments showed that lack of Ppnl, like lack of Swd2.2, also 
improved the localization of condensin in cut3-477 cells (p value < 
0,01, Mann- Whitney test on 8 biological replicates, Figure 6C). 

DPS is redundant with Ssu72 

Lack of PPl Dls2 {dis2A) had a weaker suppressive effect on cut3- 
477 than either swd2.2A or ppnl J (Figure 6AB). To explain this 
observation, we speculated that another phosphatase could at least 
partly substitute for PPl Dls2 . Here we present evidence that one 
such phosphatase could be the CPF-associated Ssu72 phosphatase. 
First, lack of Ssu72 exhibited a mild suppressive effect on cut3-477 
(p = 0,05 Mann- Whitney test, Figure 6B), although it did not 
improve significantly the localization of condensin in cut3-477 cells 
(Figure SI 5). Secondly, we found that the double mutant ssu72A 
ppnl APP1 (ABC), which lacks CPF-associated phosphatases, is dead 
(Figure 6D). This evidence suggests that both CPF-associated 
phosphatases ppi Dli2 anc i Ssu72 regulate condensin-dependent 
chromosome condensation. Furthermore, they act redundandy 
within the CPF to perform one or more essential function(s). 

We wondered what could be the substrates of CPF-associated 
phosphatases whose hyper-phosphorylation in the absence of DPS 
could facilitate the function of condensin. We have previously 
ruled out that histone H3 could be a relevant target (Figure 4J). 
Human Ssu72 was shown recently to interact with the condensin- 
related cohesin complex and thereby facilitate sister-chromatid 
cohesion [34] . This opened the possibility that a weakened cohesin 
function in ssu72A or dps mutants could facilitate the function of 
condensin in cut3-477 cells. To test this, we weakened chromo- 
some cohesion by mutating two known regulators of cohesin, Swi6 
(swi6A) and Pds5 (pds5A). Neither deletion was able to suppress the 
growth defect of cut3-477 (Figure 6E). This suggested that a 
weakened cohesion in ssu72 or dps mutants is not sufficient to 
explain their ability to suppress cut3-477. 

Discussion 

Here we provide evidence that the CPF sub-unit Swd2.2 is a 
negative regulator of condensin-mediated chromosome condensa- 
tion. We show that Swd2.2 is part of a PP1 -containing protein 
module associated with the CPF, whose absence does not alter 
CPF organization. We named this module the DPS module. Lack 
of DPS destabilized mildly the association of the CPF with 



chromatin but the resulting defects in gene expression remained 
relatively minor and context-specific. However, we show that DPS 
and the CPF-associated Ssu72 phosphatase oppose condensin- 
mediated chromosome condensation. Their relevant substrate(s) in 
this process is(are) still unknown, although we have shown that it is 
unlikely that it could be phospho-SerlO on histone H3, cohesin or 
Aurora B-dependent phosphorylation of Cnd2. However at this 
stage, our data do not exclude the possibility that DPS and Ssu72 
target other phosphorylated sites on condensin. 

DPS, a conserved regulator of chromosome 
condensation 

Human PNUTS is a scaffold for the PP1 -containing PTW/ 
PP1 complex, where it interacts directly with three proteins, 
Wdr82, Tox4 and PP1 [27]. Our data strongly suggest that 
Swd2.2 is the fission yeast functional homologue of Wdr82 and 
Ppnl the homologue of PNUTS. We could not identify a 
homologue of Tox4 in fission yeast. Human PNUTS, like 
Ppnl, co-purified with the pre-mRNA 3' processing complex 
[35]. As such, PTW/PP1 is reminiscent of the DPS complex 
we identified here. 

Interestingly, we note that the other PP1 isoform in fission yeast, 
ITT'-' 1 was not able to replace PPl Dis2 within the DPS. 
Furthermore, the nuclear localization pattern that ppi Dls2 adopted 
in the absence of Ppnl was highly similar to the nuclear 
localization pattern that was reported for PPl sds21 [36]. This 
shows that the ability to bind Ppnl and the CPF is a major 
distinguishing feature between the two isoforms of PP1 in fission 
yeast. The structural features that allow PPl Dis2 but not PPl sds21 
to bind to Ppnl remain to be elucidated. 

In the human PTW/PP1 complex, the interaction between 
hPNUTS, Wdr82 and PP1 is likely to be relevant for chromosome 
condensation, as the domain of hPNUTS that mediates the 
interaction with both PP1 and Wdr82 is sufficient to induce 
chromosome decondensation in vitro [27,37]. This suggests that the 
function of DPS as a negative regulator of chromosome 
condensation is likely to be evolutionary-conserved. 

A role for DPS at Pol Ill-transcribed genes? 

Our data show that lack of Swd2.2 had a significant impact on 
the association of the RNA Pol III transcription machinery with 
chromatin. In our hands, the effects oiswd2.2A on the recruitment 
of the Pol III machinery were highly reminiscent of the effects of 
mutating the TFIIIC component Sfc3 [6] . Strikingly, sfc3-l is, like 
swd2.2A, a suppressor of cut3~477 [6]. Unfortunately, we 
repeatedly failed to generate viable strains with a reduced 
expression of TFIIIC. As a consequence, we could not establish 
whether the reduced association of TFIIIC with chromatin 
observed in swd2.2A and sfc3-l cells could by itself facilitate the 
localization of condensin. Our observations are however consistent 
with the idea put forward previously that the local reduction 
in RNA polymerase activity can facilitate the association of 
condensin [10]. 
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Figure 6. Ppnl and Ssu72 oppose condensin-mediated chromosome condensation. A. Serial dilutions of the indicated strains were plated 
on rich media at the indicated temperatures. B. Chromosome segregation in anaphase was visualized after growing cells of the indicated genotypes 
for one generation at 34 C. Anaphases were scored as defective when lagging chromatin was detected between the two main DNA masses. For each 
genotype, a minimum of 6 independent experiments was performed in which a minimum of 1 00 anaphase cells was scored. C. The indicated strains 
were grown at 34°C for 3 hours and ChlP-qPCR was performed to analyze the amount of Cut14-GFP cross-linked to chromatin (mean ± standard 
deviation from 8 biological replicates). See text for details for the statistical analysis of the experiments. D. Tetrad dissection was used to show that 
the double mutant ssu72A ppnl APP1 (ABC) is dead. E. Serial dilutions of the indicated strains were plated on rich media at the indicated temperatures. 
doi:1 0.1 371 /journal.pgen.1 00441 5.g006 
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Part of the effects of swd2.2A on the recruitment of the Pol III 
machinery is likely to be indirect, because lack of Swd2.2 had a 
mild impact on the expression of Sfc6, a component of TFIIIC. 
On the other hand, we detected a small but significant enrichment 
of Swd2.2 and Pfs2 at Pol Ill-transcribed genes, consistent with the 
idea that it could also play a direct role there. The fact that a factor 
associated with the RNA Pol II RNA processing machinery such 
as Swd2.2 could also play a role at Pol III genes is not 
unprecedented. In budding yeast in particular, the Nrdl/Nab3 
complex is involved in processing both Pol II and Pol III transcripts 
[38] and Pcfl 1 in S.cerevisiae is enriched at Pol III genes [39] . 
Interestingly, budding yeast PP1 was shown to dephosphorylate 
Senl helicase, which associates with Nrdl/Nab3 [26] and we 
identified Senl as a suppressor of cut3-477 (Table SI). Whether 
or not Swd2.2 is involved in directing the activity of PP1 
towards Senl at Pol III genes in fission yeast will require further 
studies. 

(CTD) Phosphatases and condensation 

In chicken DT40 cells, preventing the association of PP 1 with 
chromatin was sufficient to rescue anaphase chromosome segre- 
gation when condensin was deficient [40] . Our data are consistent 
with these observations. Earnshaw and colleagues proposed that 
preventing the association of PP1 with chromatin resulted in the 
hyper-activation of "Regulator of Chromosome Architecture" 
(RCA), a hypothetical condensin-independent chromosome com- 
pacting activity [40] . Our stories differ on that point, as we show 
that lack of Swd2.2 and Ppnl impacted the localization of 
condensin in cut3-477 cells, indicating that the target of DPS is 
ultimately condensin and not RCA. 

Cdcl4 phosphatase in budding yeast was shown to dephos- 
phorylate the CTD domain of RNA Pol II [10]. When Cdcl4 
activity was impaired, RNA Pol II-dependent transcription 
occurred abnormally at repetitive sequences and condensin was 
displaced from these sequences [10]. It was concluded from these 
data that CTD dephosphorylation participates in the inactivation 
of RNA polymerase II in a way that facilitates the binding of 
condensin and the assembly of a condensed chromosome. Here, 
our work shows that PP1 and Ssu72, which, like Cdcl4, have been 
shown to target the CTD domain for dephosphorylation 
[41,42,43], are negative regulators of condensin. Further studies 
are required to understand this apparent discrepancy. 

We note however that, in budding yeast, lack of Ssu72 interferes 
with transcription elongation [44]. Interestingly, the N-terminus 
domain of Ppnl shows homology to TFIIS (Figure Sll), whose 
absence impairs transcription elongation in fission yeast [45] . This 
opens the possibility that Ppnl could also modulate transcription 
elongation. We recendy identified as a suppressor of cut3-477 a 
mutation in the Mediator sub-unit Nut2 [46] and our present 
screen also identified the deletion of the TFIIS homologue Tfs 1 
(tftlA) as a suppressor of cut3-477 (Table SI). Taken together, 
these observations reinforce the idea of complex functional links 
between condensin and transcription and suggest that reducing the 
processivity of RNA Polymerase II or III could somehow facilitate 
the function of condensin. The mechanisms involved remain to be 
elucidated. 

Materials and Methods 

Fission yeast strains 

A list of the strains used in this study is given in Table S5. 
Standard genetic crosses were employed to construct all strains. 
Yeast cells were grown according to standard procedures. Dis2- 
3flag, Ythl-3flag, Swd2.2-3flag, Ppnl-3flag, Ythl-GFP, Swd2.2- 



GFP, ppnl A, swd2.2A, rttl03A were generated using a standard 
PCR procedure. To obtain ppnlAPPl(ABC)-3Rag, the C-terminus 
of Ppnl was PCR amplified and cloned into pGEMT-easy 
(Promega, Madison, Wisconsin, USA). Site-directed mutagenesis 
was then used to mutate the three PP1 -binding sites using 
Quickchange protocols (Stratagene). Overlapping PCR was used 
to add a 3xFlag tag and a cassette of resistance to nourseothricin 
(NatR) to the C-terminus of Ppnl. This PCR product was used to 
transform yeast. Proper integrants were selected by PCR and 
western blot and were sequenced to verify the presence of the 
mutations. 

Immunoprecipitation 

2.10 8 cells were frozen in liquid nitrogen and broken open in 
lysis buffer (50 mM HEPES [pH 7.6], 75 mM KC1, 1 mM 
MgC12, 1 mM EOT A, 0.1% Triton, 1 mM sodium vanadate, 
microcystin, 1 (tg/mL leupeptin, 1 ug/mL pepstatin, 1 ug/mL 
chymostatin, and 1 mM Pefabloc) using zirconium beads and a 
Fast-prep machine (40", 6,5 ms _1 , 3 times). Clarified extracts were 
then incubated for 60 min at 4°C with Protein A-coupled 
Dynabeads incubated previously with the proper antibody 
according to the manusfacturer's recommendations. The immu- 
noprecipitated complexes were washed three times with lysis buffer 
and once with phosphate-buffered saline containing 0.02% Tween 
20. Immunoprecipitated complexes were analyzed by immunoblot 
using a semi-dry transfer protocol. Cnd2 phosphorylation was 
analysed as described previously [2] . 

Protein purification 

5 g of cells were broken using a Retsch MM400 mill for 180 s 
at 30 Hz (repeat three times). The broken cells were then 
resuspended in lysis buffer (50 mM Hepes-KOH [pH 7.6], 
100 mM KC1, 1 mM EGTA, 10% Glycerol, 0.1% NP40, 
1 mM MgCl 2 , 1 ug/mL leupeptin, 1 |j.g/mL pepstatin, 1 |ug/ 
mL chymostatin, and 1 mM Pefabloc) and then sonicated twice 
for 30 seconds on ice (1.2 W per mL). After centrifugation (5', 
4°C, 4000 rpm), the supernatant was filtered through a 2.7 uM 
then a 1.6 uM glass microfiber filter (Whatmann 25 mm GD/X). 
25 |iL of 50/50 slurry of anti-Flag M2 affinity agarose beads 
(Sigma) was added and incubated on a rotating wheel at 4°C for 
30'. The beads were then washed three times in cold lysis buffer 
and then twice in 50 mM Hepes-KOH [pH 7.6], 50 mM KC1. 
Proteins were eluted by two 5' incubations in 50 mL of 50 mM 
H3P04. 

Mass-spectrometry analysis 

All chemicals were purchased from Sigma-Aldrich (UK) unless 
otherwise stated. Acetonitrile and water for LC-MS/MS were 
HPLC grade (Fisher, UK). Formic acid was Suprapure 98-100'% 
(Merck, Darmstadt, Germany) and trifluoroacetic acid was 99% 
purity sequencing grade. All HPLC-MS connector fittings were 
from Upchurch Scientific or Valco (Hichrom and RESTEK, UK). 

Gel-free samples were prepared and loaded onto strong 
cation exchange columns, reduced with DTT, alkylated with 
iodoacetamide, and digested with trypsin as described in [47] . 
Samples were dried under low pressure and reconstituted in 
10 |jl of 0.1% (v/v) formic acid 2.5% (v/v) acetonitrile for 
nano-LC-MSMS. Capillary-HPLC-MSMS data were acquired 
on an on-line system consisting of a micro-pump (1200 binary 
HPLC system, Agilent, UK) coupled to a hybrid LTQ- 
Orbitrap XL instrument (Thermo-Fisher, UK). The LTQ_ 
was controlled through Xcalibur 2.0.7. HPLC-MS methods 
have been described previously [48] . 
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Protein identification and quantification 

MS /MS data were searched using MASCOT Versions 2.3 
(Matrix Science Ltd, UK) against a Schizosaccharomyces pombe 
database downloaded from the Sanger Institute (http://www. 
sanger.ac.uk/) with 5022 sequences. Variable methionine oxida- 
tion, STY phosphorylation, protein N-terminal acetylation and 
fixed cysteine carbamidomethylation were used in all searches. 
Precursor mass tolerance was set to 7 ppm and MS/MS tolerance 
to 0.4 amu. The significance threshold (p) was set below 0.05 
(MudPIT scoring in Mascot). All LC-MS runs were combined 
using MaxQuant (version 1.0.13.8), assuming a false positive rate 
of 0.01 [49]. 

RNA extraction and transcription termination assay 

RNA was extracted from 2.10 8 cells according to the procedure 
described in [50]. qPCR were performed a Rotorgene machine 
(Qiagen). Retrotranscription and qPCR were performed as 
described previously [51]. Briefly, cells were grown at 34°C for 
two hours, and total RNA extracted. Total RNA was reverse- 
transcribed using random hexamers and cDNAs amplified by 
PGR using the indicated primers. PCR products were stained with 
Sybr Green and quantified in gel using the FLA-5000 imaging 
system (Fujifilm). 

Strand-specific tiling arrays 

ProfilXpert (http:/ /www.profilexpert.fr/) performed the strand- 
specific tiling arrays and their initial analysis. The data were 
established in triplicates. RNAs extracted in the lab were purified 
using the miRNeasy mini kit (Qiagen), dosed using a nanodrop 
and their quality was assessed using a Bioanalyzer 2100 (Agilent). 
To prepare cDNAs, 250 ng of RNA were then amplified using the 
WT Expression Kit (Ambion). The resulting cDNAs were then 
dosed (Nanodrop) and their quality assessed using a Bioanalyzer 
2100 (Agilent). 5.5 u.g of cDNAs were then fragmented and 
labelled using the GeneChIP WT Terminal Labelling Kit 
(Affymetrix). 5 |i,g of cDNAs were then hybridized on a GeneChip 
S.pombe Tiling 1.0 Array (Affymetrix). The data were normalized 
using Quantile Normalization [52] and RMA background 
correction [53] using the software Partek Genomics Suite 6.5. 
To establish which genes were deregulated in swd2.2A, the median 
value of the signals recorded for each gene in each replicate was 
first calculated. These median values were then averaged for the 
three replicates. For each gene, The Fold-change (FC) and the 
corresponding p-value were calculated to express variation in 
expression between swd2.2A and swd2.2+ cells. To identify genes 
with potential transcription termination defects, we proceeded as 
follows: for every gene whose 3'UTR is annotated in the fission 
yeast database, we calculated the ratio between the average signal 
recorded in the 3'UTR and the average signal recorded in the 
ORF in swd2.2+ and swd2.2A cells. We considered that genes had 
a transcription termination defect in cells lacking Swd2.2 when the 
ratio obtained for swd2.2A was at least 1 .5 greater than the ratio 
obtained in swd2.2+. The data can be accessed on GEO under the 
accession number GSE38005. 

Statistical analysis of genomic features 

All statistical analysis was done using the R software (www.r- 
project.org). Genomic features annotations were downloaded on 
the 09/05/2011 from the Sanger centre (ftp://ftp.sanger.ac.uk/ 
pub/yeast/pombe/GFF/). To test for differential expression 
between gDWN-1 and gDWN genes in the wild-type context, we 
computed the 47 logratios and tested their departure from zero 
using a Wilcoxon test. To test if the intergenic distance (IGR) 



between gDWN-1 and gDWN was particularly short or long 
compared to any other gene, we compared the median value of 
the 47 observed IGR to the distribution of median values obtained 
from 10,000 randomly chosen sets of 47 genes in the genome. The 
resulting empirical null distribution is shown on Figure S7C. The 
median IGR observed from the actual set of 47 gDWN genes was 
shorter than all simulated median IGRs. The statistical signifi- 
cance for claiming that these IGRs are particularly short is 
therefore lower than 1/10,000. Similarly, IGRterm distances 
observed on the set of 780 gTERM genes were computed and their 
median was compared to the distribution of median values from 
10,000 sets of 780 genes picked at random from the genome 
(empirical null distribution of Figure S8C). Since no median value 
of the random sets was as small as the observed one, the claim for 
short IGRterm values of gTERM genes is supported at a 
significance lower than 1/10,000. 

Chromatin immunoprecipitation 

10" cells were treated with 1 % formaldehyde (Sigma) at 18°C for 
30 mn. After extensive washes with cold PBS, cells were frozen in 
liquid Nitrogen. Frozen cells were then broken open in cold lysis 
buffer (Hepes-KOH 50 mil [pH 7.5], NaCl 140 mM, EDTA 
1 mM, Triton 1%, Na-deoxycholate 0.1%, PMSF 1 mM) using 
Acid-wash Glass beads (Sigma) and a Fast-Prep machine (6 times 1 ' 
at 6,5 ms '). The lysats were then sonicated at 4°C using a 
Diagenode sonicator. Immuno-precipitation was done overnight at 
(4°C) using ProtA-coupled Dynabeads previously incubated with 
the anti-GFP All 122 antibody (Invitrogen). Beads were washed 
successively with (10' incubation on rotating wheel): Wash I buffer 
(20 mM Tris pH 8, 150 mM NaCl, 2 mM EDTA, 1% Triton- 
XI 00, 0.1% SDS), Wash II buffer (20 mM Tris pH 8, 500 mM 
NaCl, 2 mM EDTA, 1% Triton-XlOO, 0.1% SDS) and Wash III 
buffer (20 mM Tris pH 8, 1 mM EDTA, 0.5% Na-deoxycholate, 
1 % Igepal, 250 mM LiCl). After two additional washes in TE pH 8, 
the cross-links were reversed by incubation at 65°C (6 hours 
minimum) with elution buffer (TE pH 8, SDS 0.5%, 0.35 mg/mL 
Proteinase K). The immuno-precipitated DNA was then purified 
using the Wizard PCR purification kit (Promega) according to the 
manusfacturer's instructions. The DNA was then analyzed by 
qPCR. Primers are available on demand. 

Supporting Information 

Figure SI Lack of Swd2.2 does not improve the viability of 
other mutants defective in chromosome architecture. AB. Serial 
dilutions of the indicated strains were plated on rich media at the 
indicated temperatures. 
(TIF) 

Figure S2 Lack of Swd2.2 does not alter the stability of Cut 14 

protein. Western blot analysis of the indicated strains. 

(TIF) 

Figure S3 Lack of Swd2.2 suppresses the synthetic lethal 
interaction between cut3-477 and mde4A. Serial dilutions of the 
indicated strains were plated on rich media at the indicated 
temperatures. 
(TIF) 

Figure S4 Lack of Swd2.2 does not significantly alter the 
localization of the wild-type condensin complex. ChIP qPCR of 
the GFP-tagged condensin sub-unit Cut3 (Cut3-GFP) in the 
presence or absence of Swd2.2. Strains were grown in cycling 
conditions in rich medium at 30°C (mean ± standard deviation 
from 3 biological replicates). 
(TIF) 
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Figure S5 Lack of Swd2.2 has no detectable effect on Aurora In- 
dependent Cnd2- phosphorylation or H2A.z phtl acetylation. A. 
Cycling or early mitotic cells (arrested in prometaphase with the 
cold-sensitive nda3-KM31 1 mutation) expressing the condensin 
sub-unit Cnd2 tagged with GFP at its endogenous locus were 
imaged under the microscope to count the number of mitotic, 
GFP-positive cells. Protein extracts were prepared from the same 
cells and GFP-tagged Cnd2 was immuno-precipitated. The 
immuno-precipitated complexes were analyzed by western blot 
using an antibody recognising the phospho-modified form of 
Cnd2, as described previously [2]. The mitotic indexes in 
each population is indicated underneath, based on the number 
of GFP-positive cells in the population. B. The same experiment as 
in (A) was repeated with cut3-477 or cut3-477 swd2.2A cells 
expressing GFP-tagged Cnd2 grown at the restrictive temperature 
of 34°C for one generation (3 hours). As the mitotic index is much 
smaller in these cells compared to nda3KM31 1 -arrested cells, a 
diluted "nda3" samples was put on the same gel as control. C. 
Lack of Swd2.2 has no detectable effect on the acetylation of 
H2A.z Plltl . Protein extracts were prepared from cells expressing 
HA- tagged Phtl and analyzed by western blot using an acetyl- 
specific antibody recognising the acetylated isoform of Phtl (see 
[22]). A HA-tagged, non-acetylable version of Phtl (Phtl-4KR) 
was used as a control. 
(TIF) 

Figure S6 The association of Sfc6 and Rpc25 at Pol Ill- 
transcribed genes is impaired in sfc3-l cells. A. Genotyping of 
the sfc3-l mutation, (left panel) Method: the sfc3-l mutation 
creates a BspH I site. For genotyping, a PCR product 
(fragment 806-1458 bp) is digested with BspH I for 2 hours. 
PCR products derived from sfc3+ cells remain undigested 
(right panel). Genotyping of the strains used for the ChIP in B 
and C. BC. ChIP qPCR of the indicated strains grown in 
cycling conditions for 2 hours at 36°C, the restrictive 
temperature of sfc3-l (mean ± standard deviation from 6 
biological replicates). 
(TIF) 

Figure S7 Genomic context of the 47 down-regulated genes in 
cells lacking Swd2.2. A. Scheme explaining the genomic context of 
the 47 down-regulated genes. gDWN — gene of interest; gDWN-1 
— gene positioned on the same DNA strand directly upstream of g. 
IGR: Intergenic distance in bp between the end of the 3'UTR of 
gDWN-1 and the beginning of the 5'UTR oi gDWN F as Fraction 
of gDWN covered by an antisense transcript. B. Distribution of 
expression differences between gDWN and gDWN-1 in the wild- 
type context. X-axis: log2 ratio of the expression level oi gDWNl 
over the expression level oigDWN. Y-axis: gene counts. Sums of all 
bars = 47, representing all pairs (gDWNl; gDWN) for the 47 
gDWN genes under-expressed when Swd2.2 is absent. Red vertical 
line: median value. Green dotted line indicates the expected 
median if gDWNl and gDWN had similar expression levels. C. 
The median IGR observed for the 47 gDWN genes (red line) is 
shorter than for other genes of the genome. 10,000 sets of 47 genes 
were drawn at random from the genome, and the median IGR 
computed for each set. The black histogram shows the distribution 
of the resulting 10,000 median values. All of them exceeded the 
value observed on the actual set of 47 gDWN genes. D. gDWN 
genes are more often covered by an antisense transcript than other 
genes of the genome. X-axis: fraction of gene covered by antisense 
transcription (F as ). The yellow histogram shows the distribution of 
F as values for the 47 gDWN genes. For comparison, the blue 
histogram shows the distribution of Fas values calculated for 
10,000 random sets of 47 genes picked in the genome. The two 



distributions were significantly different (Kolmogorov-Smirnov P- 
value = 0.0004). This diagram indicates that the majority of genes 
in the S.pombe genome are not covered by an antisense transcript 
(F as = 0 for ~60% of genes, blue histogram), whilst roughly 10% of 
genes are completely covered by an antisense transcript (F as = 1 , 
blue histogram). For the 47 gDWN genes, the percentage of genes 
entirely covered by an antisense transcript increases to roughly 
~35% (F as = 1, yellow histogram). E. Tiling-array hybridization 
intensity profiles along two gDWN genes. F. The expression levels 
of candidate genes were verified by RT-qPCR in the indicated 
CPF mutants. The values presented are normalized to the 
expression levels of actl established concomitantly. Results are 
the average of 3 biological replicates. Error bars represent 
standard deviation. 
(TIF) 

Figure S8 The effect of Swd2.2 on transcription termination is 
context-dependent. A. Tiling-array hybridization intensity profiles 
along two genes showing transcription termination defects when 
Swd2.2 is missing. Black boxes correspond to the coding region of 
the genes and grey boxes correspond to the UTRs. White boxes 
correspond to introns. The arrow indicates the orientation of 
transcription. B. Scheme explaining the genomic context of the 
genes with transcription termination defects in the absence of 
Swd2.2. gTERM = gene of interest showing no difference of 
microarray signal in the coding region but a stronger signal in the 
3'UTR when Swd2.2 is missing. gTERM+lRV: the first down- 
stream gene in the reverse orientation. IGR term : IGR regions 
located between gTERM and gTERM+lKV. C. The size of 
IGR term was measured for each gene of interest. Red vertical line 
= median size measured for the 780 gTERM genes. It is negative, 
showing that most gTERM genes overlap with their immediate 
downstream reverse gene. Black histogram: distribution of median 
values obtained on 10,000 random sets of 780 genes. 
(TIF) 

Figure S9 Enrichment of Swd2.2 established by ChIP at 
convergent genes exhibiting transcription termination defects 
when Swd2.2 is missing. RhplS and Mde4 are two genes placed 
in situation of convergence with respectively SPBC 1734.07c and 
Atg7, whose transcription termination is affected in the absence of 
Swd2.2. Fbal and Pgkl suffer no transcription termination defect 
in the absence of Swd2.2. ChIP analysis showed that Swd2.2 is not 
more abundant in the 3'UTR of RhplS and Mde4 compared to 
the 3'UTR of Fbal and Pgkl (mean ± standard deviation from 5 
biological replicates). 
(TIF) 

Figure S10 Lack of DPS has a moderate effect on transcription 
termination at snoRNAs. Transcription termination was moni- 
tored in deletion mutants of various CPF-associated proteins at 
Ura4+ (A), CdclS (B), snoR99 (C) and snoR68 (D). Each panel 
follows the same organization: on the left, the tiling-array 
hybridization intensity profiles along the gene of interest is 
displayed for each strand as seen for Swd2.2+ or swd2.2A cells; 
on the right, the result of a qRT-PCR strategy designed to 
quantify the proportion of RNA that have been transcribed passed 
the previously-identified site of transcription termination. Termi- 
nation sites are identified on the figure together with genomic 
features such as restriction sites. For each gene examined, the PCR 
product F-Rl served as internal loading control. The histograms 
show the size-normalized ratio to Rl = (band intensity/band 
size)/(Rl band intensity/Rl size). For each, n=3 biological 
replicates. 
(TIF) 
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Figure Sll Ppnl shows significant homology with human and 
xenopus PNUTS. A. Scheme explaining the domain organization 
of the PNUTS homologues in Human and S.pombe. The domain 
showing homology to TFIIS, and the PP1 -binding consensus sites 
are highlighted. B. The PRALINE software (http://www.ibi.vu. 
nl/programs/pralinewww/) was used to create an alignment 
between the human and Xenopus PNUTS homologues and the 
fission yeast SPCC74.02c (Ppnl). The region of human PNUTS 
found to be sufficient to induce chromosome decondensation in 
vitro [37] is underlined in red. The PP1 -binding motifs are 
underlined in black. 
(TIF) 

Figure SI 2 Mass-spectrometry analysis of Sds21- and Ythl- 
associated proteins. A. The proteins indicated at the top were 
affinity purified and the associated proteins identified by MS/MS 
mass-spectrometry analysis (see Methods). The number of unique 
peptides recovered for each protein is indicated. B. The proteins 
recovered after affinity purification of Flag-tagged Yth 1 were run 
on an SDS-PAGE gel and visualized by coomassie staining. 
(TIF) 

Figure S13 The CPF sub-unit Pfs2 remains associated with 
chromatin in early mitotic cells. ChlP-qPCR analysis was performed 
to monitor the association of GFP-tagged Pfs2 with chromatin in 
cycling cells and in cells synchronized at the metaphase to anaphase 
transition using the cold-sensitive tubulin mutation nda3KM311 (mean 
± standard deviation from 6 biological replicates). 
(TIF) 

Figure S14 The CPF component Ctfl does not oppose 
condensin-mediated chromosome condensation. A. Serial dilutions 
of the indicated strains were plated on rich media at the indicated 
temperatures. B. Chromosome segregation in anaphase was 
visualized after growing cells of the indicated genotypes for one 
generation at 34°C. Anaphases were scored as defective when 
lagging chromatin was detected between the two main DNA 
masses. For each genotype, 3 independent experiments were 
performed in which a minimum of 1 00 anaphase cells was scored. 
(TIF) 

Figure S15 Lack of Ssu72 does not restore the localization of 
condensin in cut3-477 cells. The indicated strains were grown at 34°C 
for 3 hours and ChlP-qPCR was performed to analyze the amount of 
Cutl4-GFP cross-linked to chromatin (mean ± standard deviation 
from 6 biological replicates). The enrichments of Cut 14 observed in 
cut3-477 and cut3-477 ssu72A cells were not significantly different (p> 
0,2, Wilcoxon - Mann Whitney). 
(TIF) 



Table SI List of the gene deletions identified in our screen for 

suppressors of the growth defect of cut3-477 at 34°C. 

(XLSX) 

Table S2 List of the genes whose expression is significandy 

altered in the absence of Swd2.2. 

(XLSX) 

Table S3 List of the genes exhibiting a transcription termination 

defect in the absence of Swd2.2. 

(XLSX) 

Table S4 List of the proteins identified after LC-MS/MS 
analysis of the affinity purifications of Ythl, Ppnl, Swd2.2 and 
pp q Dis2 lumbers correspond to the number of unique peptides 
identified for each protein. Proteins labeled in black were 
discarded as not specific as they were also identified after 
purification of a no-tag control. 
(XLSX) 

Table S5 List of the yeast strains used in this study. 
(XLSX) 

Text SI Analysis of the genomic context surrounding the genes 
that are mis-expressed in the absence of Swd2.2. We explain how 
we have identified the genomic features that are common to the 6 1 
genes either under- or over-expressed in the absence of Swd2.2. 
(DOCX) 

Acknowledgments 

Most microscope observations were made using the PLATIM platform of 
SFR Biosciences Gerland - Lyon Sud (UMS3444/US8). We are very 
grateful to Marie Delattrc (LBMC, ENS-Lyon) for the extensive use of her 
microscope facility and to Karen May for sending strains from Edinburgh 
to Lyon. We are very obliged to Severine Croze and Nicolas Nazaret from 
ProfileXpert for the strand-specific tiling arrays analysis. We acknowledge 
the contribution of Esther Mollereau to Figure 6D. We thank Ken Noma, 
Chris Norbury, Jo Murray, Luis Rokeach, Sylvie Toumier, Jean-Paul 
Javerzat and Jonathan Millar for strains and materials, and developers of R 
and Ubuntu for their software. We are grateful to Keith Gull for the anti 
tubulin Tat 1 antibody and to Michael Keogh for the use of his anti acetyl- 
Phtl antibody and for communicating unpublished results. 

Author Contributions 

Conceived and designed the experiments: W. Performed the experiments: 
W PL SJAvdS GY KT TLB PB. Analyzed the data: W PB. Contributed 
reagents/materials/analysis tools: W PL SJAvdS GY KT TLB PB YW 
KH. Wrote the paper: W. 



References 

1. Piazza I, Haering GH, Rutkowska A (2013) Condensin: crafting the 
chromosome landscape. Chromosoma 122: 175-190. 

2. Tada K, Susumu H, Sakuno T, Watanabc Y (201 1) Condensin association with 
histone H2A shapes mitotic chromosomes. Nature 474: 477—483. 

3. D'Ambrosio C, Schmidt CK, Katou Y, Kelly G, Itoh T, ct al. (2008) 
Identification of eis-acting sites for condensin loading onto budding yeast 
chromosomes. Genes Dev 22: 2215-2227. 

4. Kim JH, Zhang T, Wong NC, Davidson N, Maksimovic J, ct al. (2013) 
Condensin I associates with structural and gene regulatory regions in vertebrate 
chromosomes. Nat Commun 4: 2537. 

5. Tanaka A, Tanizawa H, Sriswasdi S, Iwasaki O, Chatterjce AG, ct al. (2012) 
Epigcnetic regulation of condensin-mediated genome organization during the 
cell cycle and upon DNA damage through histone H3 lysine 56 acetylation. Mol 
Cell 48: 532-546. 

6. Iwasaki O, Tanaka A, Tanizawa H, Grewal SI, Noma K (2010) Gentromerie 
localization of dispersed Pol III genes in fission yeast. Mol Biol Cell 21: 254-265. 

7. Pck JW, Kai T (2011) A role for vasa in regulating mitotic chromosome 
condensation in Drosophila. Curr Biol 21: 39-44. 



8. PekJW, Kai T (2011) DEAD-box RNA helicasc Bcllc/DDX3 and the RNA 
interference pathway promote mitotic chromosome segregation. Proc Natl Acad 
Sci USA 108: 12007-12012. 

9. Schubert T, Pusch MC, Diermeicr S, Bcncs V, Krcmmcr E, et al. (2012) Df31 
protein and snoRNAs maintain accessible higher-order structures of chromatin. 
Mol Cell 48: 434-444. 

10. Clemcnte-Blanco A, Sen N, Mayan-Santos M, Sacristan MP, Graham B, et al. 
(201 1) Cdcl4 phosphatase promotes segregation of telomeres through repression 
of RNA polymerase II transcription. Nat Cell Biol 13: 1450-1456. 

1 1 . Clementc-Blanco A, Mayan-Santos M, Schneider DA, Machin E, Jarmuz A, et 
al. (2009) Cdcl4 inhibits transcription by RNA polymerase I during anaphase. 
Nature 458: 219-222. 

12. Xing H, Vanderford NL, Sarge KD (2008) The TBP-PP2A mitotic complex 
bookmarks genes by preventing condensin action. Nat Cell Biol 10: 1318- 
1323. 

13. Parsons GG, Spencer CA (1997) Mitotic repression of RNA polymerase II 
transcription is accompanied by release of transcription elongation complexes. 
Mol Cell Biol 17: 5791-5802. 



PLOS Genetics | www.plosgenetics.org 



15 



June 2014 | Volume 10 | Issue 6 | e1004415 



RNA Processing Factors and Chromosome Condensation 



14. Loomis RJ, Naoe Y, Parker JB, Savic V, Bozovsky MR, et al. (2009) Chromatin 
binding of SRp20 and ASF/SF2 and dissociation from mitotic chromosomes is 
modulated by histonc H3 serine 10 phosphorylation. Mol Cell 33: 450-461. 

15. Richard P, Manley JL (2009) Transcription termination by nuclear RNA 
polymerases. Genes Dev 23: 1247-1269. 

16. Saka Y, Sutani T, Yamashita Y, Saitoh S, Takeuchi M, et al. (1 994) Fission yeast 
cut3 and cut 14, members of a ubiquitous protein family, are required for 
chromosome condensation and segregation in mitosis. EMBO J 13: 4938- 
4952. 

17. Kim M, Krogan NJ, Vasiljcva L, Rando OJ, Nedea E, et al. (2004) The yeast 
Rati exonuelcase promotes transcription termination by RNA polymerase II. 
Nature 432: 517-522. 

18. Sugiyama T, Sugioka-Sugiyama R, Hada K, Niwa R (2012) Rhnl, a nuclear 
protein, is required for suppression of meiotie mRNAs in mitotieally dividing 
fission yeast. PLoS One 7: e42962. 

19. Lemay JF, D'Amours A, Lemicux C, Lackner DH, St-Sauveur VG, et al. (2010) 
The nuclear poly(A)-binding protein interacts with the exosome to promote 
synthesis of noncoding small nucleolar RNAs. Mol Cell 37: 34-45. 

20. Uemura T, Ohkura H, Adachi Y, Morino K, Shiozaki K, et al. (1987) DNA 
topoisomerase II is required for condensation and separation of mitotic 
chromosomes in S. pombc. Cell 50: 917-925. 

21. Petrova B, Dehler S, Kruitwagen T, Hcriche JK, Miura K, et al. (2013) 
Quantitative analysis of chromosome condensation in fission yeast. Mol Cell Biol 
33: 984-998. 

22. Kim HS, Vanoosthuyse V, Fillingham J, Rogucv A, Watt S, et al. (2009) An 
acetylated form of histone H2A.Z regulates chromosome architecture in 
Schizosaecharomyces pombc. Nat Struct Mol Biol 16: 1286—1293. 

23. Rogucv A, Shevchcnko A, Sehaft D, Thomas H, Stewart AF (2004) A 
comparative analysis of an orthologous proteomic environment in the yeasts 
Saccharomyces cerevisiae and Schizosaecharomyces pombc. Mol Cell Protco- 
mies 3: 125-132. 

24. Wang SW, Asakawa K, Win TZ, Toda T, Norbury CJ (2005) Inactivation of the 
pre-mRNA cleavage and polyadenylation factor Pfs2 in fission yeast causes lethal 
cell cycle defects. Mol Cell Biol 25: 2288-2296. 

25. Ncdca E, He X, Kim M, Pootoolal J, Zhong G, et al. (2003) Organization and 
function of APT, a subcomplex of the yeast cleavage and polyadenylation factor 
involved in the formation of mRNA and small nucleolar RNA 3'-ends. J Biol 
Chem 278: 33000-33010. 

26. Ncdea E, Nalbant D, Xia D, Theoharis NT, Suter B, et al. (2008) The Glc7 
phosphatase subunit of the cleavage and polyadenylation factor is essential for 
transcription termination on snoRNA genes. Mol Cell 29: 577-587. 

27. Lee JH, YouJ, Dobrota E, Skalnik DC (2010) Identification and characteriza- 
tion of a novel human PP1 phosphatase complex. J Biol Chem 285: 24466— 
24476. 

28. Hendrickx A, Beullens M, Ceulemans H, Den Abt T, Van Eynde A, et al. (2009) 
Docking motif-guided mapping of the intcractomc of protein phosphatase- 1 . 
Chem Biol 16: 365-371. 

29. Meadows JC, Shepperd LA, Vanoosthuyse V, Lancaster TC, Sochaj AM, et al. 
(201 1) Spindle checkpoint silencing requires association of PP1 to both Spc7 and 
kincsin-8 motors. Dev Cell 20: 739-750. 

30. Beauregard PB, Guerin R, Turcotte C, Lindquist S, Rokeaeh LA (2009) A 
nucleolar protein allows viability in the absence of the essential ER-rcsiding 
molecular chaperonc ealncxin. J Cell Sci 122: 1342—1351. 

31. Hsu JY, Sun ZW, Li X, Reuben M, Tatchell K, et al. (2000) Mitotic 
phosphorylation of histone H3 is governed by Ipll /aurora kinase and Glc7/PPl 
phosphatase in budding yeast and nematodes. Cell 102: 279-291. 

32. Castellano-Pozo M, Santos-Pereira JM, Rondon AG, Barroso S, Andujar E, et 
al. (2013) R loops are linked to histone H3 S10 phosphorylation and chromatin 
condensation. Mol Cell 52: 583-590. 

33. Toda T, Umcsono K, Hirata A, Yanagida M (1983) Cold-sensitive nuclear 
division arrest mutants of the fission yeast Schizosaecharomyces pombc. J Mol 
Biol 168: 251-270. 



34. Kim HS, Kim SH, Park HY, Lee J, Yoon JH, et al. (2013) Functional interplay 
between Aurora B kinase and Ssu72 phosphatase regulates sister chromatid 
cohesion. Nat Commun 4: 2631. 

35. Shi Y, Di Giammartino DC, Taylor D, Sarkcshik A, Rice WJ, et al. (2009) 
Molecular architecture of the human pre-mRNA 3' processing complex. Mol 
Cell 33: 365-376. 

36. Alvarez-Tabares I, Grallert A, Ortiz JM, Hagan IM (2007) Schizosaechar- 
omyces pombe protein phosphatase 1 in mitosis, endocytosis and a partnership 
with Wsh3/Tea4 to control polarised growth. J Cell Sci 120: 3589-3601. 

37. Landsverk HB, Kirkhus M, Bollen M, Kuntziger T, Collas P (2005) PNUTS 
enhances in vitro chromosome decondensation in a PP1 -dependent manner. 
BiochcmJ 390: 709-717. 

38. Wlotzka W, Kudla G, Granneman S, Tollervey D (2011) The nuclear RNA 
polymerase II surveillance system targets polymerase III transcripts. EMBO J 30: 
1790-1803. 

39. Kim H, Erickson B, Luo W, Seward D, Graber JH, ct al. (2010) Gene-specific 
RNA polymerase II phosphorylation and the CTD code. Nat Struct Mol Biol 
17: 1279-1286. 

40. Vagnarclli P, Hudson DF, Ribeiro SA, Trinkle-Mulcahy L, Spenee JM, et al. 
(2006) Condensin and Repo-Man-PPl co-operate in the regulation of 
chromosome architecture during mitosis. Nat Cell Biol 8: 1 133-1 142. 

41. Krishnamurthy S, He X, Reyes-Reyes M, Moore C, Hampsey M (2004) Ssu72 
Is an RNA polymerase II CTD phosphatase. Mol Cell 14: 387-394. 

42. Washington K, Ammosova T, Beullens M, Jcrebtsova M, Kumar A, et al. (2002) 
Protein phosphatase- 1 dephosphorylates the C-terminal domain of RNA 
polymerasc-II. J Biol Chem 277: 40442^-0448. 

43. Ciurciu A, Duncalf L, Jonchcre V, Lansdale N, Vasicva O, et al. (2013) 
PNUTS/PP1 Regulates RNAPII-Mcdiated Gene Expression and Is Necessary 
for Developmental Growth. PLoS Genet 9: el003885. 

44. Reyes-Reyes M, Hampsey M (2007) Role for the Ssu72 C-terminal domain 
phosphatase in RNA polymerase II transcription elongation. Mol Cell Biol 27: 
926-936. 

45. Reyes-Turcu FE, Zhang K, Zofall M, Chen E, Grewal SI (201 1) Defects in RNA 
quality control factors reveal RNAi-independcnt nucleation of heterochromatin. 
Nat Struct Mol Biol 18: 1132-1138. 

46. Robellet X, Fauque L, Legros P, Mollereau E, Janczarski S, et al. (2014) A 
genetic screen for functional partners of condensin in fission yeast. G3 (Bethcsda) 
4: 373-381. 

47. Lukc-Glascr S, Roy M, Larsen B, Le Bihan T, Metalnikov P, et al. (2007) GIF- 1 , 
a shared subunit of the COP9/signalosome and eukaryotic initiation factor 3 
complexes, regulates MEL-26 levels in the Caenorhabditis elegans embryo. Mol 
Cell Biol 27: 4526-4540. 

48. Le Bihan T, Grima R, Martin S, Forster T, Le Bihan Y (2010) Quantitative 
analysis of low-abundance peptides in HcLa cell cytoplasm by targeted liquid 
chromatography/mass spectrometry and stable isotope dilution: emphasising the 
distinction between peptide detection and peptide identification. Rapid 
Commun Mass Spectrom 24: 1093-1104. 

49. Cox J, Matic I, Hilger M, Nagaraj N, Selbach M, et al. (2009) A practical guide 
to the MaxQuant computational platform for SILAC-based quantitative 
proteomics. Nat Protoc 4: 698-705. 

50. Wilhclm BT, Marguerat S, Watt S, Schubert F, Wood V, et al. (2008) Dynamic 
repertoire of a eukaryotic transcriptomc surveyed at singlc-nuclcotide resolution. 
Nature 453: 1239-1243. 

51. Bernard P, DrogatJ, Dheur S, Genier S,JaverzatJP (2010) Splicing factor Spf30 
assists exosome-mediated gene silencing in fission yeast. Mol Cell Biol 30: 1 145- 
1157. 

52. Bolstad BM, Irizarry RA, Astrand M, Speed TP (2003) A comparison of 
normalization methods for high density oligonucleotide array data based on 
variance and bias. Bioinformaties 19: 185—193. 

53. Irizarry RA, Hobbs B, Collin F, Beazer-Barclay YD, Antonellis KJ, et al. (2003) 
Exploration, normalization, and summaries of high density oligonucleotide array 
probe level data. Biostatistics 4: 249-264. 



PLOS Genetics | www.plosgenetics.org 



16 



June 2014 | Volume 10 | Issue 6 | e1004415 



